The responses of steady state CO2 assimilation rate (A), transpiration rate (E), and stomatal conductance (g,) to changes in leaf-to-air vapor pressure difference (A W) were examined on different dates in shoots from Abies alba trees growing outside. In Ecouves, a provenance representative of wet oceanic conditions in Northern France, both A and g, decreased when A W was increased from 4.6 to 14.5 Pa KPa-'. In Nebias, which represented the dry end of the natural range ofA. alba in southern France, A and g, decreased only after reaching peak levels at 9.0 and 7.0 Pa KPa-', respectively. The representation of the data in assimilation rate (A) rersus intercellular CO2 partial pressure (Ce) It has been shown recently (2, 16, 20) that in some herbaceous and woody species increasing A W and E decreased the A versus intercellular CO2 partial pressure (C,) response curve, thus indicating a decrease in the mesophyll photosynthesis. In a previous study (9) we found a mesophyll photosynthesis decline in response to A W in the temperate coniferous species used in the present study, Abies alba. No data have been published showing the precise roles of stomata and mesophyll in the decline in leaf CO2 assimilation. Methods proposed recently (12, 15), which are designed to assess quantitatively the extent to which variations in A are due to stomatal or nonstomatal effects, might provide answers to these points.
ABSTRACI
The responses of steady state CO2 assimilation rate (A), transpiration rate (E), and stomatal conductance (g,) to changes in leaf-to-air vapor pressure difference (A W) were examined on different dates in shoots from Abies alba trees growing outside. In Ecouves, a provenance representative of wet oceanic conditions in Northern France, both A and g, decreased when A W was increased from 4.6 to 14.5 Pa KPa-'. In Nebias, which represented the dry end of the natural range ofA. alba in southern France, A and g, decreased only after reaching peak levels at 9.0 and 7.0 Pa KPa-', respectively. The representation of the data in assimilation rate (A) rersus intercellular CO2 partial pressure (Ce) graphs allowed us to determine how stomata and mesophyll photosynthesis interacted when A W was increased. Changes in A were primarily due to alterations in mesophyll photosynthesis. At high A W, and especially in Ecouves when soil water deficit prevailed, A declined, while Ci remained approximately constant, which may be interpreted as an adjustment of g, to changes in mesophyll photosynthesis. Such a stomatal control of gas exchange appeared as an alternative to the classical feedforward interpretation of E versus A W responses with a peak rate of E. The gas exchange response to A W was also characterized by considerable deviations from the optimization theory of IR Cowan and GD Farquhar (1977 Symp Soc Exp Biol 31: 471-505).
Stomata of many species have been shown to be sensitive to changes in the water vapor pressure difference between the leaf and the air (AW'), even in well-watered plants (17, 19) . In most species increasing A W around a leaf or the plant results in the closure of the stomata, but the mechanisms by which A W influences the stomatal conductance (g,) remain unclear. If an increase of A W is accompanied by increasing transpiration rates (E), the water potential of the bulk leaf may decrease, thereby influencingg, by a feedback reaction (6, 1 1) . In fact, the response of E to A W often exhibits a peak rate of E (1 1, 14, 19) which has been interpreted as a direct influence of A Won g, ( feedforward response). The mechanism of feedforward could involve gradients of water potential in the epidermis that are due to direct evaporation from peristomatal and guard cells and are ' Abbreviations: A W, water vapor difference between the leaf and the air (Pa KPa-'); Wa, ambient partial vapor pressure (Pa KPa-'); Wi, partial vapor pressure of leaf internal air (Pa KPa-'); g,, stomatal conductance for CO2 diffusion (mmol m-2 s-'); E, transpiration rate (mmol m-2 s' ); A, CO2 assimilation rate (gmol m-2 sg'); Ci, intercellular CO2 partial pressure (Pa MPa-'); Ca It has been shown recently (2, 16, 20) that in some herbaceous and woody species increasing A W and E decreased the A versus intercellular CO2 partial pressure (C,) response curve, thus indicating a decrease in the mesophyll photosynthesis. In a previous study (9) we found a mesophyll photosynthesis decline in response to A W in the temperate coniferous species used in the present study, Abies alba. No data have been published showing the precise roles of stomata and mesophyll in the decline in leaf CO2 assimilation. Methods proposed recently (12, 15) , which are designed to assess quantitatively the extent to which variations in A are due to stomatal or nonstomatal effects, might provide answers to these points.
With respect to the optimization theory, further questions arise from the existence of a mesophyll photosynthesis effect of A W.
How can one determine aE/OA and how far do A and E variations remain consistent with optimization?
The aim of the present study was to try to elucidate these issues. It By means of a regulation system, which constantly adjusted the CO2 partial pressure of the air entering the assimilation chamber, C, was held constant. Ca and the difference in CO2 partial pressure of air streams (60 L h-') entering and leaving the chamber were measured with Hartman and Braun Uras 2 IR gas analyzers after drying the air through sodium chloride filled tubes. An amount of water vapor equivalent to the transpirational flux was continuously eliminated by condensation in a vapor trap through which a bypass air circuit (300 L h-') was passed. Vapor pressure of the air entering and leaving the chamber and of the air in the bypass circuit after the vapor trap was measured with lithium chloride sensors.
The following conditions prevailed in the assimilation chamber during the measurements: air temperature, 20°C; incident photosynthetic photon flux density, 460 Mmol m 2 s-' provided by a high pressure sodium lamp; ambient partial CO2 pressure 300 ± 5 Pa MPa-'; A Wwas increased stepwise from 4.6 (sometimes 5.6) to 6.7, 8.9, 11.2, 14.5, and in one instance to 16.7 Pa KPa-'. When A W was increased in the assimilation chamber, after steady state gas exchange measurements in given conditions, it took about 15 min before A W reached its new value. Partial vapor pressure of leaf internal air (W,) was taken to be equal to saturating vapor pressure at leaf temperature. Needle temperature was measured in some cases with a Chromel-Constantan thermocouple and never exceeded the air temperature by more than 0.2°C. For the calculation of A W, leaf temperature was thus considered to be equal to air temperature. Measurements of gas exchange rates were taken as the steady state values after a period of I to 2 h adjustment by the shoots to the assimilation chamber conditions. Because the system lag for A and E measurements was not the same, it was possible to determine transient rates only in situations for which the time evolution of gas exchange was slow. For the calculation of E and A, the sample leaf area was determined as the sum of the projected needle areas measured with a photoelectric surface integrator.
The equations used to calculate g, and C, were those given by Caemmerer and Farquhar (3) (see "Appendix"). The diffusion of CO2 in the stomatal pore was treated by taking into account the simultaneous flux of water vapor. We did not take into account the boundary layer conductance which was of an order of magnitude greater than the stomatal conductance. Also the cuticular transpiration flux was neglected as compared with the stomatal flux.
Stomatal (S) and nonstomatal (M = 1 -S) components of changes in A were assessed quantitatively by using a method proposed recently (15) (see "Appendix" for details of the calculation). S and M can be evaluated by considering the displacement of the demand function and of the supply function on the same (A, C,) graph. The demand function is the A versus C, response curve, it defines the mesophyll photosynthetic capacity. The supply function is a line with an x-axis intercept equal to Ca
(1 -E/[gs + E/2]) and a negative slope equal to -(g, + E/2).
A more precise definition of the demand and supply functions is given in the "Appendix." Since the supply function defines the diffusional limitation to CO2 assimilation, the intersection ofthe demand function with the supply function will give the actual values of A and Ci (Fig. 1) . In most cases it was not possible to determine the pathway of the experimental points on the (A, Cj) graph for the transient gas exchange. Quantification of S, for a given displacement ofsteady state demand and supply functions, was thus made by considering, respectively, that only stomata (Ss) or mesophyll photosynthesis (Sm) are affected by changes in a first phase (Fig. 2) Since in A. alba changes in A in response to A W cannot entirely be attributed to a stomatal effect (9) , OA/Og,, could not be determined as a local slope of the A (g.,) curve (7, 13, 14, 18 ).
An alternative method was used here by considering the partial derivative cA/cg, on a given demand function (see "Appendix").
RESULTS
For a given A W value, both provenances showed a wide range of A, E, and g., values for the different dates (Fig. 3) . Such variations were unexpected and no measurements have been made ofthe physiological parameters which could explain them. Particularly, no water potential measurements were made on the trees before shoot harvesting. However, afterward it was possible to relate the curves of Figure 3 The A W response curves of the two provenances differed in shape (Fig. 3) . In Ecouves A and g, decreased continuously when A W was increased from 4.6 to 14.5 Pa KPa-'. In Nebias A and g, were greatest at about 9.0 and 7.0 Pa KPa-', respectively. In Nebias the E versus A W response always exhibited a peak rate of E. This means that above a given A W value, which was not constant with time, stomatal closure was efficient enough to offset increasing A W. In Ecouves such responses were only observed on August 27 and September 28.
In Figure 4 the data from Figure 3 are shown as intersections of demand and supply functions, and relative stomatal components of changes in A are given for some intervals of increasing A W. The demand functions of Figure 4 For some increases of AW, particularly at high AW, it was possible to measure the transient gas exchange before the steady state was reached. The results given in Figure 5 show that at first stomata did not respond to the increase in AW. Mesophyll photosynthesis was affected first, probably as a consequence of the transient enhancement of water losses by transpiration. Stomata responded only 15 to 20 min later than the mesophyll The data shown in Figure 5 suggest Considering the results through the displacements of demand and supply functions (Fig. 4) The presence in the two provenances of critical A W values above which the decline in g, was sufficient to reduce E (Fig. 3) might be interpreted by a feedforward stomatal response to humidity (6) Experimental support for such an interpretation exists in the constant C, phase which was often observed (Fig. 2) . During the constant C, phase, the mesophyll contributions were predominant in the changes of A (Fig. 4) , and stomatal closure occurred after the mesophyll photosynthesis decline (Fig. 5) Figure 6 -only in the situations of optimum I, (Table I) for which the mesophyll photosynthesis decline at high A W was lowest (Fig. 4) , in Nebias after August 30 and in Ecouves after September 28. These results bear out those of other authors (18) who found optimization to be realized for the gas exchange response to A W in species for which no mesophyll effect of A W was noticed.
Nevertheless, optimization cannot be given as a general rule for the gas exchange response to A W, since in the two provenances of A. alba used here considerable deviations from optimization were noticed (Fig. 6) for the situations where the mesophyll effects of Wprevailed and the constant C, phase of stomatal control was greatest.
Long-term optimization of gas exchange should imply a de- crease in aE/dA with increasing soil water depletion or decreasing water potential (4) . From the results in Figure 6 and the data in Table I or, rearranging, C-C, = + EC, (2) g, + E/2' From Eq. 2 it becomes evident that the supply function (constant g., and E) is defined by a line with an x-axis intercept equal to C, (1 - E/[g, + E/2]) and a negative slope equal to -( g., + E/2) on a (A, CQ) graph (Fig. 1) . Differences with a single CO2 diffusion system (x-axis intercept equal to C, and slope equal to -g,) may amount in A. alba to more than 5% in high transpiration conditions.
Partitioning of Changes in A in Stomatal and Mesophyll Components. In the transition between state 0 and state 1 in Figure 2 , two extreme pathways can be considered.
(a) Stomatal conductance varies initially without the alteration of mesophyll photosynthesis which only changes in a second phase at constant g,; the relative stomatal component in the total variation (Ao-A A) is given by Ss = (Ao -As)/(Ao -A ). 
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Vapor diffusion through the stomata may be written as 
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